RIGHT-LEFT HEART interaction has been recognized as an important factor in cardiovascular dynamics since the 19th century. Left heart failure (LHF) causes damming of blood in the pulmonary circulation, which in turn elevates afterload and preload of the right heart and can result in secondary right heart failure, a mechanism characterized by Hope's backward-failure hypothesis (16). The right heart supplies blood flow to the pulmonary circulation and indirectly controls preload of the left heart. Because pulmonary circulation and systemic circulation are in tandem, output of the right heart and the left heart must be equal at steady state, which is the basis for Mackenzie's forward-failure hypothesis (19). Although the etiology of pulmonary congestion can be explained by a blood volume shift from systemic to pulmonary circulation as a direct hemodynamic consequence of the right-left heart interaction (3), questions have been raised concerning the possible contribution to this process from other factors such as neurohormonal control (2). The right heart and the left heart are also coupled by sharing the common septum and by competing for limited space in the pericardium. Whereas transseptal coupling is intrinsic to myocardial fiber structures, pericardial coupling is affected dynamically by all cardiac chambers and can be drastically accentuated by extrinsic factors such as pericardial effusion (5, 10). Although many studies (20, 24, 28, 36) have contributed in part to the understanding of the right-left heart interaction, our knowledge about the complex relationship between the right heart and the left heart is limited. In particular, quantitative characterization of the various mechanisms affecting the right-left heart interaction in intact circulation is lacking. Thus it should be useful to develop a computer model that simulates the cardiopulmonary system by integrating the various mechanisms for the right-left heart interaction.
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Previous modeling work related to right-left heart coupling includes the following. Maughan et al. (20) characterized the interdependence between the right and the left ventricle in isolated canine hearts by use of an elastance compartment. Santamore and Burkhoff (24) applied the septal elastance model of Maughan et al. to assess hemodynamic consequences of ventricular interaction; however, their model did not include the pericardium. Hardy et al. (15) used a multicompartmental model to simulate pulsatile flow and gas transport and exchange. Beyar et al. (1) developed a comprehensive model to study the interaction between cardiac chambers and intrathoracic pressure. Most of these models were used to characterize certain causal relationships between circulatory variables and hemodynamic (14). We chose the following form, which is simple but sufficient to fit the elastance curves reported by Dahn et al. (7) p = P,ev/'l' where PO (in mmHg) is the intercept with the transmural pressure axis and @ (in ml) is the volume constant. Elastance (E), the reciprocal of capacitance, is defined by
where Eo = PO/Q is the zero-volume elastance (mmHg/ml). By substituting Eq. 2 into Eq. 1, the transmural pressure gradient across elastance is given by p = Ea. Viscoelastance (a), which relates volume change in the elastic compartment to energy lost, is characterized by a linear resistance in series with the elastance in the case of a vascular compartment.
In the case of a contracting chamber, fl is represented as a nonlinear resistance that is directly proportional to the chamber pressure on the basis of the work by Shroff et al. (27) .
The right atrium (RA), right ventricle (RV), left atrium (LA), and left ventricle (LV) are each modeled as a timevarying elastance (30). A time-varying elastance varies over the cardiac cycle according to an exponential chargedischarge waveform and is characterized by a baseline and an amplitude component. For example, the LV elastance is given bY (E,,,( 1 -e-t"lvc) + Elvb 0 5 t 5 t,,
-.
where e&,, is the LV elastance evaluated at end ejection. The elastance waveforms for other cardiac chambers are defined in a similar fashion. A volume dependency is applied to the ventricular elastances so that nonlinearity of the Starling curves and load dependency of myocardial contraction can be represented. This is accomplished by scaling the ventricular elastance by a factor derived from the end-diastolic ventricular volume, as described previously (34).
In Fig. 1 the pulmonary circulation begins at the pulmonary valve (node 9) and ends at the left atrium (node 20). The circuit segment from node 15 to node 19 is a special provision for the pulmonary capillary wedge pressure (p,& By setting conductance (g,,) = 0, flow ceases in this segment and ppw measured at node 16 should reflect the LApressure. Interventricular septum. Direct pressure coupling between the RV and LV through the interventricular septum is characterized by use of the model developed by Maughan et al. (20) . Their model consists of three elastic compartments. In addition to the RV and LV freewall compartments (e, and el,), shift of the septum is also represented by an elastic compartment (E,). Under this assumption, the LV pressure is the sum of the effective LV elastance times volume and the "cross-talk" pressure from the RV
where h,l = elJ(E, + el,) and &, = E,k,.l. Similarly, the RV pressure is given by
where hl, = ervl(Es + t?,,) and &, = E&l,. Because the cross-talk gains (h,l and hl,) can be computed from the three elastances (i.e., erv, elv, and E,), the transseptal pressure coupling can be represented completely by E,. Maughan et al. measured E, in isolated canine hearts that were free from the pericardial influence and had about the same ventricular elastances as those in our model. Thus it should be suitable to adopt their experimental data directly to our model; the value of 45.9 mmHg/ml is assigned to E,.
Pericardium. In addition to transseptal pressure coupling, volume coupling exists among all chambers in the pericardium. In our model, pericardial dynamics are represented by a pericardial compartment with an exponential pressurevolume relationship.
The pericardial pressure (p,,) is controlled by the total chamber volume in the pericardium according to the exponential relationship. This pressure exerts on all cardiac chambers through the free walls of atria and ventricles. The total fluid volume in the pericardium (v,,) is the sum of the volume of the heart chambers (vh&) and the pericardial fluid volume (V,,) v&art iS given by
This formula is similar to but slightly different from that employed by Beyar et al. (1) . Our formula includes Vple and excludes the myocardial volume, because the change in myocardial volume relative to the total heart volume is negligibly small. The pressure-volume relationship in the pericardium is an exponential function (1, 2) pPc z KI,ce(v~cPV~cO)IQ~c (8) The volume offset (V,J is set at 380 ml, the volume constant (@,,) is set at 40 ml, and J& is set at 1. On the basis of data reported by Guyton (12), intrathoracic pressure (pit) is assumed to vary over time according to an exponential charge-discharge waveform with a baseline (Pith) of -3.7 mmHg and an amplitude (Pit,) of -1.8 mmHg. In other words, pit varies from -3.7 mmHg during expiration to -5.5 mmHg during inspiration. The intrathoracic pressure is incorporated into the electrical analog by applying pit directly to all compartments in the thorax, which include venae cavae, right heart, pulmonary circulation, left heart, and aorta. Baroreflex control of' heart rate. Sinoaortic baroreflex control of heart rate is approximated by a first-order relationship between the cardiac period and the systolic aortic pressure. As arterial pressure decreases, heart rate is increased by the sinoaortic baroreflex (6). The relationship between heart rate and arterial pressure is generally nonlinear.
However, within the normal range of arterial pressure variation, a linear approximation to the relationship between heart rate and arterial pressure should be acceptable. Further support for the validity of this assumption comes from the product of heart rate and systolic arterial peak pressure. This product has been used as an index for myocardial oxygen consumption (23), which is based on the implicit assumption of an inverse relationship between heart rate and systolic arterial peak pressure for a given level of myocardial oxygen consumption. In the present model the following first-order relationship between the cardiac period (T,) and the systolic aortic pressure is used to characterize the baroreflex control of heart rate c = %iro (systolic pa0 -120) + 0.855 (s)
where the baroreflex gain (Gb& is set at 0.005 s/mmHg. The coefficients in the above equation are determined by assuming the following two reference points: heart rate is 70 beats/min at systolic aortic pressure (p,,) = 120 mmHg and increases to 85 beats/min at systolic pa0 = 90 mmHg. in the heart. The viscoelastic terms are on the order of low2 mmHg l s l ml-l on the basis of the degree of damping of the pressure waveforms. The proportionality constant for the pressure-dependent internal chamber resistance is set at 5 X lop3 s/ml, which is three times smaller than that determined by Shroff et al. (27) in cannulated canine ventricles. A smaller value is more appropriate here, because the valve device in our model accounts for a significant portion of the flow-dependent components at the outflow tract of a contracting chamber. This proportionality constant is applied to all four cardiac chambers. The values of all model parameters that have been identified to define the baseline hemodynamics in this study are given in Fig. 1 . Sensitivity analysis of model parameters. A sensitivity analysis is conducted to determine how the simulated hemodynamics are affected by each model parameter individually. Fig. 1 and the variables in Eqs. 8 and 9. Eighty-five model parameters are included in the sensitivity study. In each case, the model parameter is perturbed by a 10% increase from its control value. Before the hemodynamic indexes are recorded, the simulation is allowed to run for several cardiac cycles until the initial transients subside. The individual contribution of pericardial and transseptal coupling to hemodynamics is also studied by removing pericardial compression (K,, = 0) or septal elastance (E, -a). In the latter case, a large value is assigned to E, in the actual simulation.
Venous return. The flow source (Q) returns a constant flow into the venous reservoir represented by E,. Buffered by the large volume of the venous reservoir, Qv exerts its effect on the cardiac output over a relatively long period of time. Instead of Qv, &, which is the flow through venous inertance (L,), should be considered as the venous return in this model on the cycle-by-cycle basis. Because at steady state Qv must be equal to mean &, and cardiac output, Qv does provide an extra degree of freedom for controlling the preload. However, this degree of freedom is mainly related to the setting of the venous pressure and has only a minor effect on the cardiac output, as demonstrated later. The procedure for setting Qv in the simulations of the disease conditions is as follows. After the change in a circulatory parameter, &v is initially maintained at control, i.e., 83.3 ml/s or 5 l/min. The initial transients caused by the parameter change usually subside within the first 10 cardiac cycles. Then the difference between . Q" and mean qv causes a charge or a discharge of the venous reservoir. Accordingly, the venous pressure increases or decreases and drives the cardiac output closer to Q. The change in cardiac output occurs very gradually. To define the operating point for Q, in a consistent way, we allow the simulation to run for 50 cardiac cycles after the change in a model parameter. At this point Q, is set equal to the cardiac output to ensure a steady state.
Model-based study of cardiovascularphysiology. The modelbased study consists of two parts. First, the model parameters are adjusted to fit clinical data. The clinical data include the pressure measurements in the right and left heart from a patient who has undergone cardiac catheterization and the pulsed-Doppler echocardiographic recordings of transmitral and pulmonary venous flow velocities from a previous study (34). These d a t a were originally recorded in hard-copy forms and scanned into a digital computer for comparison with the model-generated waveforms. Second, the model is used to predict the hemodynamic consequences by adjusting model parameters that correspond to the causes of various disease conditions.
The following conditions are studied: mitral valve stenosis (MS), mitral regurgitation, LHF, right heart failure (RHF), cardiac tamponade, pulsus paradoxus, and the Valsalva maneuver.
These simulations are intended for acute situations without the chronic adaptation effects, such as enlargement and hypertrophy of atria and ventricles.
RESULTS
Baseline hemodynamics. Figure 2 shows the pressures, flows, and volumes in the right and left heart for normal physiology. These waveforms are generated by the model with parameter values given in Fig. 1 dynamics and is used as control in the subsequent studies. Sensitivity analysis. The simulated hemodynamics are insensitive to most individual model parameters. The result of the sensitivity analysis is summarized in Table 3 , in which only those model parameters with at least one gain 20.1 are listed. Model parameters with all gains ~0.1 are considered insensitive and are excluded from Table 3 in an effort to reduce the large amount of data. Inertance (L), R, and fi values in the model are generally insensitive, with all gains ~0.1. The only exception is systemic afterload resistance (R,), which is a major determinant of cardiac output and aortic pressure. The vascular capacitances are also insensitive with the exception of preload capacitances for right heart (E,, Bv> and left heart (Epuv, QpUV). Contractility of the heart is defined by the elastance baselines and amplitudes of the atria and ventricles; these parameters are relatively sensitive. Pericardial volume offset (V,,,) and intrathoracic pressure baseline (Pith) are sensitive, whereas Gbavo and E, are not.
Model fit to clinical data. Figure 3A shows six pressure waveforms obtained from the catheterization record for a 60-yr-old female patient with severe mitral regurgitation and congestive heart failure. The model parameters are adjusted to provide a simultaneous fit to all six waveforms (Fig. 3B) . Figure 4 shows the pulsed-Doppler echocardiographic recordings of transmitral and pulmonary venous flow-velocity waveforms obtained from a previous study (34). Patients A, B, and C represent normal LV function, significant LV dysfunction (functional class II-III), and severe LV dysfunction (functional class IV), respectively. Superimposed on the pulsed-Doppler recordings are the corresponding waveforms generated by the present model. The waveforms from the previous left heart model are also included to provide a reference for the absence of the right heart dynamics. Compared with the previous model, the present model provides a slightly improved fit, especially to the pulmonary venous flow-velocity waveforms.
Venous return. Figure 5A shows the cardiac output over 100 cardiac cycles after the parameter change for each disease condition. To evaluate. the choice for the operating points of venous return, Q, was maintained at control, i.e., 5 l./min, over these 100 cycles. The vertical bars mark the points after 50 cardiac cycles where the disease conditions are defined. In Fig. 5B these operating points are also shown on the cardiac output vs. mean pra curves.
Mitral valve abnormalities. Mitral valve abnormalities are simulated by changing the mitral valve area (Am,) in the model. For control, A,, = 4 cm2 when the mitral valve opens and zero when the mitral valve closes. In clinical situations, MS is considered mild for OpenA,, = 2 cm2 and severe for open A,, = 1 cm2 (4). In this study a severe case of MS is simulated by reducing open A,, from 4 to 1 cm2. As shown in Fig. 6A , the model predicts the typical hemodynamic consequences of MS, i.e., the increase in diastolic LA-LV pressure gradient and transmitral E-wave flow deceleration time. Data in Table 2 show that the effect of MS propagates backward to the right heart, increasing end-diastolic ppa by 60% and mean pra by 30%.
MR is simulated by increasing the closed A,, from 0 to 1 cm2. As shown in Fig. 6B , the model predicts the large v wave in pla typically associated with MR. Data in Table 2 show that end-diastolic plv increases by 162% and end-diastolic vlv increases by 21%. The decrease in systemic arterial pressure causes a baroreflex increase in heart rate from 70 beats/min (control) to 88 beats/ min (26%). Cardiac output decreases by 34%. The effect of MR is extended to the pulmonary circulation and the right heart. Damming of blood in the pulmonary system is evidenced by the increase in mean vPUl by 52%. Mean right atria1 pressure rises from 5.3 mmHg (control) to 17 mmHg (213%). The venous blood volume also increases by 22%.
LHIS: LHF is simulated by decreasing LV contractility. In the simulation, LV elastance amplitude (&,,) is reduced from 6.0 to 3.0 mmHg/ml (50% reduction) in a mild case of LHF and to 1.5 mmHg/ml(75% reduction) in a severe case of LHF. Figure 7A shows the hemodynamic waveforms resulting from severe LHF. Mean pla rises from 8.1 to 21 mmHg (162%), and end-diastolic plv rises from 9.3 to 22 mmHg (139%). Heart rate increases from 70 to 88 beats/min.
The effect of LHF propagates backward to the right heart and causes an increase in mean Pm from 5.3 to 15 mmHg (174%). Mean vPUl increases from 452 to 642 ml (42%). Mean v, increases from 2,765 to 3,290 ml (19%). Cardiac output decreases from 5.0 to 3.7 l/min (-26%).
The left heart is enlarged, whereas the right heart is suppressed, as evidenced by the volume waveforms in Fig. 7A . For mild LHF the hemodynamic consequences are much less serious. End-diastolic plv rises moderately from 9.3 to 15 mmHg (57%) and mean pra from 5.3 to 8.9 mmHg (67%).
RHI? RHF is simulated by decreasing RV contractility. In the simulation, RV elastance amplitude (E,,) is reduced from 1.2 to 0.6 mmHg/ml(50% reduction) in a mild case of RHF and to 0.3 mmHg/ml(75% reduction) in a severe case of RHF. Figure 7B shows the hemodynamic waveforms resulting from severe RHF. The right heart can no longer sustain normal cardiac output (-17%). However, the hemodynamic consequence is (5, 10). In the simulation, acute cardiac increases from 2,765 to 3,180 ml (15%). The right heart is enlarged, whereas the left heart is suppressed, as tamponade is induced by increasing V,, from 30 ml in control to 300 ml. the case of pulsus paradoxus, the pulse pressure (systolic-diastolic pressure difference) is 27 mmHg during expiration and falls to 19 mmHg during inspiration. The transseptal coupling has no effect on pulsus paradoxus: When the transseptal coupling is removed during pulsus paradoxus, IFSAP remains unchanged. Valsalva maneuver. Simulation of the Valsalva maneuver is accomplished by increasing pit to 40 mmHg during a prolonged expiration period of 10 s. Figure  1OC shows the pa0 along with pit before, during, and after the Valsalva maneuver. The four phases of the Valsalva maneuver are demonstrated by the modelgenerated pa0 waveform: 1) A transient rise occurs at the onset of the forced expiration. 2) Arterial pressure pulses are suppressed during the strain period, and the baroreflex causes heart rate to increase. 3) A transient decrease occurs at the release of the intrathoracic pressure. 4) Arterial pressure rises above the normal level and the baroreflex causes bradycardia.
Dansseptal and pericardial coupling. In Fig. 11 g2' I increase in mean vpUl from 452 to 637 ml (41%) and I : a.. mean v, from 2,765 to 3,512 ml (27%). Heart rate 3 increases from 70 to 102 beats/min (45%). Cardiac w--**..-.--g IO-I output decreases from 5.0 to 3.2 Vmin (-36%).
-. : ./ 5 7-s-.-c\ \ P .&..----'-r,;'-, Pulmonary capillary wedge pressure. The waveforms of Ppw in the above simulations are shown in Fig. 9 for comparison. The pla for control is also shown. Compared 00° 0.4 0.8 Time (s) with Pla, Ppw is delayed by 100 ms and its dynamic B magnitude is damped by 2 mmHg. These parameters are within the range of in vivo data (17), which show 2-to 4-mmHg damping and lOO-to 150-ms delay in the PpV* Pulsus paradoxus. The condition of pulsus paradoxus is present when the inspiratory fall of systolic arterial pressure (IFSAP) exceeds 10 mmHg (25). Pulsus paradoxus is a condition often associated with cardiac tamponade. The simulation of pulsus paradoxus is accomplished by inducing cardiac tamponade (V,, = 300 ml) and changing the intrathoracic pressure amplitude (Pit,) from -1.8 mmHg (control) to -8 mmHg. The latter is based on experimental observations in dogs by Maughan et al. (20) ; the exponential pressurevolume relationship for vascular capacitance is based on data reported by Dahn et al. (7); and the baroreflex model, as a first-order approximation to the relationship between heart rate and systolic arterial pressure, is derived from the result by Robinson (23). 
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ponade. In Table 4 the coupling effects on the hemodynamic indexes are shown as percent changes with respect to control. Santamore and Burkhoff (24) incorporated a higher level of transseptal coupling in their model of the canine heart by assigning E, = 20 mmHg/ ml. To compare with their data, we also reduce E, from 45.9 to 20 mmHg/ml and include the result in Table 4 . The significance of the present model lies in its ability to generate a broad spectrum of hemodynamic waveforms for transient and steady-state and for normal and pathological physiology. Versatility and accuracy of the model should be attributed to the use of state-space representation as a common platform for integrating the various modeling methods. The statespace representation completely characterizes the system's dynamics with the 28 state equations. The nonlinear, time-varying, and control elements are indirectly incorporated through the coefficients of the state equations, instead of direct exertion on the state variables themselves. We carefully avoid modifying state variables directly, because such a modification is likely to Volume (ml) Volume (ml) Although the model has been developed with a broad scope and may have many other applications, the present study is focused on the right-left heart interaction. The purpose of the model-based study is to characterize quantitatively the causal relationships between several circulatory parameters and their hemodynamic consequences and to predict the hemodynamic waveforms under various disease conditions involving the right-left heart interaction. The validity of the model is supported by 1) its accurate representation of the baseline hemodynamics in various parts of the circulatory system, 2) its good fit to clinically measured pressure and flow-velocity waveforms, and 3) its correct prediction of the hemodynamic consequences in response to the changes in circulatory variables for mitral abnormalities, heart failures, cardiac tamponade, and the Valsalva maneuver. The various disease conditions are chosen not only because they involve the right-left heart interaction but also because a useful comprehensive model should stand the challenge of stretching its representation over a broad physiological range. Specific findings pertaining to the right-left heart interaction and limitations of the model are discussed as follows.
Three mechanisms are implemented in the model for the right-left heart interaction: 1) hemodynamic coupling via the pulmonary circulation, 2) volume coupling among the chambers in the pericardium, and 3) pressure coupling through the interventricular septum. The present study provides simulation data to characterize the individual coupling mechanisms in a quantitative way. The transseptal coupling affects the hemodynamic indexes ~2% ( (24) . In contrast, the pericardial coupling has a more prominent effect on the baseline hemodynamics.
The pericardial compression reduces total heart volume by 18%, cardiac output by 7%, and systolic pa0 by 12% and increases enddiastolic prv by 8% and mean pra by 20%. The pressurevolume loops in Fig. 11 for cardiac tamponade are accurately predicted by the model with an increase in VPe from 30 to 300 ml. As shown in Fig. 8 , at end diastole all chamber pressures converge within a range of 2 mmHg. The ventricular pressures prv and plv show the pattern of early-diastolic dip followed by middiastolic plateau, typically observed in patients with cardiac tamponade (17). All flows into and out of the heart diminish during diastole, because the early-diastolic increase in vh& significantly elevates the pericardial compression on all cardiac chambers.
The pPw provides a unique possibility to access left heart dynamics by right-sided catheterization.
In clinical situations it is practically easier to perform catheterization on the right side than on the left side of the circulation.
The present model includes a special section to simulate the pPw. This is accomplished by separating a small portion of the pulmonary vessels distal to the pPw catheter from the rest of the pulmonary circulation.
As flow into this section ceases, the pressure measured through the pulmonary capillaries and veins should reflect the LA pressure.
For all simulations in this study, pPw always follows pla, showing the appropriate damping and delay. The pPw waveforms summarized
in Fig. 9 demonstrate the shapes and variations of the a wave, x descent, v wave, and y descent typically observed in the in vivo situations.
In MS the absence of y descent reflects the reduced rate of transmitral flow. In MR the characteristic large v wave is predicted. In cardiac tamponade the equally elevated a and v waves, the rapid x descent, and the disappearance of y descent are accurately predicted. The exact mechanism of pulsus paradoxus is still unclear (21). A hypothesis has been formed on the basis of leftward motions of the interventricular septum during inspiration: Inspiration increases venous return, which in turn increases right heart volume. Because of the septal and pericardial coupling, left heart volume is suppressed and systemic arterial pressure falls. Our model shows that pericardial effusion suppresses the left heart volume more than the right heart volume (higher right heart volume curves in Fig.  8 and upward shift of the RV pressure-volume loop in Fig. 11) , which reflects the experimental observations by Ditchey et al. (8) . However, pericardial effusion alone is not sufficient to cause pulsus paradoxus, nor does transseptal coupling contribute to the occurrence of pulsus paradoxus.
The simulation of pulsus paradoxus (Fig. 1OB) 
APPENDIX
The dynamics of the model shown in Fig. 1 To demonstrate how the state equations are derived, the derivation of the first two state equations is given as follows. At node 1 in Fig. 1 where & is the flow into node 1, dv,ldt is the flow from node 1 to the venous reservoir represented by E,, and qV is the flow from node 1 to L,. By rearranging terms in the above equation with the derivative term on the left-hand side, we obtain state Eq. Al.
At node 2 we have where the right-hand side is the flow through R, computed as the pressure gradient divided by the resistance. By extracting d&/dt to the left-hand side, we obtain state Eq. AZ.
The rest of the state equations can be derived in a similar way. Notice that some equations are dependent on others. For example, Eq. A2 has two derivative terms on its right-hand side that must be first determined by Eqs. Al and A3. To resolve the dependency among the equations at each step of the numerical integration, the independent equations are evaluated before the dependent equations.
There are 14 independent equations, i.e., Eqs. Al, A3, A5, A7, A9, All, A13, A16, AM, A20, A22, A24, A26, and A28; the other 14 equations are dependent.
